We propose an inflation model which is constructed by two "flatons". In this model, one of flatons causes inflation. However, it is not the inflaton but the other flaton which generates density perturbations for structure formation. The spectral index of these perturbations n is controlled by the ratio of the mass squared of these flatons, M χ /M σ , and n ≃ 0.6 − 0.98 for M χ /M σ ≃ 0.62 − 0.75. This model realizes a "tilted inflation" structure formation scenario and is cosmologically interesting. Although the inflaton belongs to so called moduli, this can be diluted by the decay of the other flaton.
Supersymmetry (SUSY) has gained great interest because this might solve the hierarchy problem and also SUSY field theories can accommodate gravity [1] . SUSY theories, including superstring and supergravity theories, usually contain flat scalar potential directions which are exactly flat up to nonrenormalizable terms and soft SUSY breaking terms. The potential is typically of the form [2] :
where n ≥ 4, M s ∼ 1TeV is the SUSY breaking scale and M P = 2.4 × 10 18 GeV is the reduced Planck scale. The constant energy density, V 0 is zero if the sign in front of the term M According to the recent terminology [3] , we call this field φ a "flaton" when the sign in front of the M 2 s |φ| 2 term is negative. The flaton is particularly interesting for two reasons: First, this field may generate a vacuum expectation value (vev) much larger than M s [2] . This is interesting in the superstring and supergravity theories, in which the existence of some scales other than M P and M s , such as the grand unified theory (GUT) scale, is puzzling. Second, the flaton may cause "thermal inflation" [3] : At high temperature flatons obtain an effective temperature term ∼ T 2 |φ| 2 [4] , which may drive a flaton to φ = 0 during reheating in the inflationary cosmology. As the temperature decreases the constant vacuum energy V 0 ≃ M 2 s |φ| 2 generated by this field dominates the radiation energy ∼ g * T 4 until the temperature drops to TeV scale, causing the "thermal inflation". At the end of thermal inflation the flaton decay produces a large amount of entropy thereby several unwanted cosmological relics such as GUT monopoles and Polonyi field (cosmological moduli) may be diluted [3] [4] [5] .
In this Letter, we propose an inflationary scenario constructed only by these flatons. The inflation dynamics of this model resembles to the "inverted hybrid inflation model" [6] . Therefore, this model may be considered as the specific realization of the model, although this is not the hybrid inflation model but rather a "false vacuum dominated" inflation model [7] . Simplest flaton inflation model and its problem: Our goal is to construct a successful inflation model, thereby making the universe smooth, flat and also generating density perturbations for structure formation. Let us begin with the inflaton of our model. We assume that the inflaton is one of flatons whose potential takes the following form:
where, σ = |φ|/ √ 2, M σ ∼ 10 3 GeV, the "..." represents nonrenormalizable terms which stabilize this potential at a high energy scale M (thus σ = M), and
We only focus on the case that the field value at the beginning of inflation, σ i , is much smaller than its vev, i.e., σ i ≪ M. In this case the inflation dynamics mostly can be independent of the unknown nonrenormalizable terms. At this moment M is essentially an arbitrary parameter, but later this will be fixed by conditions for successful inflation.
Here we study some conditions for successful inflation, such as the conditions for sufficient inflationary universe expansion and observed (by the COBE satellite [8] ) size density perturbation generation. First we examine slow roll conditions, i.e. whether two slow roll parameters, ǫ and |η| are less than 1, because in the following analyses we use only equations under the slow roll approximation. The ǫ is defined by 2ǫ
, where we used an approximation V ≃ V 0 which is valid for σ ≪ M, the prime denotes the derivative with respect to σ. The η is given by η ≡ −(M
2 [9] . The second condition requires that M > M P , and then the first condition is always satisfied for σ ≪ M. From these we can estimate the density perturbation spectral index of this model [9] :
Interestingly this index is constant as long as the slow roll conditions and M ≫ σ are satisfied. We note that since ǫ ≪ 1, gravitational wave production is negligibly small. The condition for sufficient inflationary expansion requires that the e-fold number for the total inflationary expansion N tot is larger than N min . As we will come back to this point later, in our model we expect that N min ∼ 45 − 55. The inflationary expansion factor N can be calculated in terms of the inflaton field value by the equation
where σ i ≤ σ ≤ σ e and σ e is the inflaton field value at the end of inflation. The N tot is given by N tot = N(σ i ). When σ ≪ M, the Hubble parameter is essentially constant:
is still a reasonable approximation for σ ∼ 0.1σ e , using this approximation and the equation of motion for the scalar field, 3Hσ ≃ −V ′ σ , the N(σ) can be estimated as,
The density perturbation size due to inflation can be normalized to the COBE data by the quantity δ ≡ |3H 3 /(5πV
. This δ is proportional to the observed CMBR fluctuation amplitude δT /T and the 4-yr COBE data gives δ = 1.9 × 10 −5 δ 0 with δ 0 ≃ 1 [10] . These equations yield,
Equations (5) and (6) can determine M when σ e is given. The σ e is the field value at the end of the inflation which is obtained by the condition |η| = 1. The solution is expected to be σ e ∼ M P for M ∼ > M P , although the precise value depends on the form of the nonrenormalizable potential terms. Since σ e contributes in equation (5) only logarithmically, we set σ e ≃ M P for simplicity. Then we obtain approximately the following equation,
This equation and the relation n ≃ 1 − 2(M P /M) 2 relate M, N min and n of this inflation model as shown in Fig. 1 and Fig 2. The results are problematic because for N min ∼ < 60 the spectral index is n < 0.1, that is too small to reproduce present universe structure (e.g. [11] ).
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A solution: Here we propose a solution. The origin of the problem of the simplest flaton inflation model is understood as follows: In order for the inflaton σ to generate δ ∼ 10 −5 , the field value has to be σ(N min ) ∼ 10 8 GeV. On the other hand, since the universe should expand by inflation after this epoch by a factor N = N min , the flaton field value has to be σ(N min ) ∼ > 10 16 GeV. In order to solve this problem, we propose a trick: Suppose there is another flaton, χ, rolling also by a similar potential except with a smaller vev, and suppose the field value is still χ ∼ 10 8 GeV when σ ∼ 10 16 GeV, then the density perturbations can be dominated by those produced by χ. Since χ has a smaller vev, inflation ends when the inflaton φ reaches close to its potential minimum; and no inflation occurs due to the flaton χ. We call this two flaton model as "minimal" flaton inflation model when it is not followed by the thermal inflation (see Fig. 3 ).
Next a model which can realize this minimal scenario is presented. We consider the flaton χ to have a similar potential as φ:
2 We also note that since the inflaton has a large vev, the decay rate of this field Γσ ∼ < 0.01M 3 σ /M 2 is strongly suppressed. Therefore, the field does not decay to lighter particles efficiently and may cause a cosmological moduli or Polonyi problem [12] . More seriously, the reheat temperature after the inflation is extremely low and no nucleosynthesis occurs. These problems are, however, not the central problem of this model, because there is a way out by causing a (non)thermal inflation, though we do not discuss here.
3 For χ ≪ χ , this field obeys the exactly same equation of motion as σ, except that V σ is replaced by V χ . Specifically the Hubble parameter is the same:
. Therefore, the inflationary expansion factor and the field value is related by
It is easy to imagine that if the M χ is smaller than M σ then the χ rolls less than σ during the same time period. This effect can be seen in the above equation, noting that the −N plays the role of time. The spectral index of density perturbations is now given by,
and gravitational wave production is still negligibly small. Here we estimate how much the M χ has to be smaller than M σ in order to realize density perturbation generation with acceptable n. We assume that both χ and σ start rolling at the same time from the field value determined by the quantum fluctuation size
3 GeV. This initial condition is realized if these flatons were driven to zero (i.e. σ, χ ≃ 0) before the flaton inflation begins. For example if the universe experiences a primordial inflation previously, then the effective mass term of the form CH 2 χ 2 during the inflation makes these flatons sit at zero, if the model dependent parameter C is positive. An effective temperature term (∼ T 2 χ 2 ) or direct coupling with other fields also may drive flatons to zero. While the inflaton rolls from σ i ≃ 10 3 GeV to σ(N min ), the universe expands by N h ≡ N tot − N min e-folds. We denote the field value of χ when N = N min by χ h , that can be estimated by the equation,
The χ h also can be estimated by the similar equation as (6) such as, χ h ≃ 1.9 · 10 3 δ
χ . Therefore, we obtain the following equation which relates (M χ /M σ ) and n (or M) for a given N min :
+ ln
10 3 GeV σ i + ln σe M P − N min = M M P 2 Mσ Mχ 2
We show solutions of this equation in Fig. 4 and Fig. 5 for a typical choice of parameters, i.e., N min = 50, δ 0 = 1, σ e = M P , σ i = χ i = M σ = 10 3 GeV. Interestingly there are two solutions to n (or equivalently M) for a M χ /M σ . One reason for this can be understood by Fig. 5 : When χ h ≪ σ e , smaller n is obtained for smaller M χ /M σ as expected. However, as n approaches 1, χ h increases rapidly, and hence the χ field has to roll faster, requiring a larger M χ /M σ . Note that the χ h has to be χ h ≪ σ e for consistency. Also it is better if χ h ∼ < 10 9 GeV considering reheating capability described below. If we require χ h ∼ < 10 9 GeV then n ∼ < 0.98 is required. For n < 0.9, the Fig. 4 suggests that the results can be fitted by M χ /M σ ≃ −0.39n + 0.98. As we can see, there is a lower bound of (M χ /M σ ) min ≃ 0.626 below which this "minimal" model does not work. This bound becomes only slightly smaller if N min is smaller. For example, if N min = 40 then the bound is (M χ /M σ ) min ≃ 0.619. Therefore, we may conclude that the minimal model requires (M χ /M σ ) ∼ > 0.62. So far we have assumed that σ i = χ i ∼ 10 3 GeV. However, if σ i > χ i for some reasons then the successful perturbation generation can be made possible even for a larger M χ /M σ . This indeed may happen as explained here. Suppose flatons σ and χ were driven to zero due to the effective mass squared CH 2 during a primordial inflation. These flatons start rolling when H becomes small enough after the end of the primordial inflation. If C takes almost the same value for χ and σ fields and M χ < M σ , then σ leaves zero earlier; furthermore, quantum fluctuations are larger for a larger H, and hence it is more likely that the σ's initial displacement from zero is larger than χ's. Similar arguments hold even if the flatons are kept at zero due to the effective temperature term ∼ T 2 χ 2 or by an explicit coupling with a field unless the coupling constant for χ is smaller than that for σ.
Anti-tilted (n > 1) spectrum?: It is reasonable to assume that there exist more than two flat directions. If this is the case, the above results are valid only if these scalars do not disturb them. The existence of other flatons are harmless as long as the magnitude of the negative mass squared of these flatons are larger than that of χ. Therefore, the above results apply if the flaton which has the smallest negative mass squared is called χ.
It is likely that at least one of other flat directions ψ has a positive mass squared. If density perturbations due to this field dominate, then the perturbation spectrum becomes anti-tilted or blue (n > 1). In principle this is possible. However, it is also possible to consider mechanisms to eliminate such possibilities: If ψ(N = N min ) ≡ ψ h ∼ < 10 3 GeV then the perturbations form ψ can be neglected because slow roll conditions must be violated due to quantum fluctuations δψ ∼ H/2π. Here we list three possibilities which can make ψ h ∼ < 10 3 GeV. First, if a primordial inflation drives the ψ to ψ ≃ 0 then the field can stay there during the flaton inflation also. Second, if the potential contains a nonrenormalizable term of the form λ 2 ψ 6 /M 2 P with λ ∼ O(1), then the ψ rapidly decreases to ψ ∼ 10 10 GeV scale, then the field may be able to roll to ψ ∼ 10 3 GeV before N = N min . Finally if the effective mass squared of χ during the flaton inflation, M 2 χ + CH 2 , is larger than M 2 σ then the ψ may roll faster than σ and reach ψ ∼ 10 3 GeV before N = N min . Therefore, the results for the "minimal" flaton inflation model are valid for a wide variety of cases even though there exist other flat directions.
Other issues: We now turn to other issues: reheating and connection to the hot-big-bang cosmology. As mentioned in footnote 2, since the inflaton σ has a large vev, this cannot reheat the universe sufficiently and also may cause a cosmological moduli problem. However, the flaton inflation model proposed here contains another field χ with a smaller vev, which may be able to reheat the universe. This may be possible if at the end of the inflation the field χ has not reached close to its potential minimum. Suppose 10 10 GeV ∼ < χ ∼ < 10 14 then the subsequent history will be similar to the "thermal inflation" scenario. The reheat temperature due to the flaton is
. This is high enough for nucleosynthesis if χ ∼ < 10 14 GeV. The baryon asymmetry is expected to be produced by a mechanism similar to the Affleck-Dine (AD) mechanism [14] . Also the parametric resonance effect may enhance the AD mechanism [15] . The flaton decay produces a large amount of entropy which may dilute the inflaton (moduli) sufficiently. In this way the flaton inflation model can be connected to the big-bang cosmology. This is the "minimal" version of this model. If the flaton χ decay induces thermal or nonthermal inflation, the moduli may be diluted much more efficiently, where "nonthermal inflation" is similar to the thermal inflation except that the symmetry of a flaton is restored by quantum fluctuations due to parametric resonance effects [16] .
As noted in footnote 3, the mass squared term of χ during inflation could be dominated by the CH 2 χ 2 term. In this case the effective mass squared term changes after inflation. If the mass squared term is still negative after inflation, the subsequent history can follow the scenario described in the last paragraph. On the other hand, if it changes to positive, then the χ is no longer a flaton, and thus cannot dilute inflaton (moduli) by its decay. Even in this case, however, this model may be connected to the big-bang cosmology if the χ induces (non)thermal inflation. Although we do not describe the details here, this is in principle possible.
For the "minimal" flaton inflation model, the required minimum inflationary expansion N min can be estimated by requiring that the entropy inside the Hubble volume during inflation is now larger than the entropy inside the present horizon S ∼ 10 88 [17] . In the "minimal flaton inflation model", the inflaton σ essentially does not reheat the universe at all, but the reheating is done by the other flaton χ. Considering this, we obtain the minimum e-folds as follows:
In our model, "thermal inflation" may not be necessary; however if it exists after inflation, N min will be reduced by roughly 10. In summary, we first showed that a "flaton" can cause inflation if the flaton vev exceeds the reduced Planck scale. Since it is expected from superstring and supergravity theories the existence of such flatons (or moduli) [2] , this model might be interesting if it works. Unfortunately we found that the simplest version, which contains only one flaton, has a serious problem, because the density perturbation spectrum is too much tilted. Therefore, this model can not explain the origin of the density perturbations, unless we rely on other sources such as cosmic defects, which are considered for example in [18] . Next we proposed a solution: If there exists another flaton χ which has a smaller vev and a smaller negative mass squared term, this χ can produce density perturbations with a large but reasonable tilt, such as n ∼ 0.6 − 0.98 (for Mχ/M σ ≃ 0.62 − 0.75) without gravitational waves. It is known that such a model has an advantage in matching with cosmological observations. Although numerous inflation models have been proposed, only two models (natural inflation [11] and inverted hybrid inflation models [6] ) have been known to provide such models. In this respect also, this model may be interesting. There is another advantage of this model because of its simplicity: Although the inflaton vev exceeds (slightly) the Planck scale, no detail is necessary for the form of the Planck scale potential and nonrenormalizable terms. The only important parameters are the vev and the magnitudes of the soft SUSY breaking mass squared of two flatons. The relation between N min and the spectral index n in the "simplest" flaton inflation model. Fig. 2 . The relation between the inflaton vev M and the spectral index n in the "simplest" flaton inflation model. This figure applies to the "minimal" flaton inflation model if the axis M is replaced by MM σ /M χ . Fig. 3 . The potentials and behaviors of two flatons in the "minimal" flaton inflation model. During inflation, the inflaton σ and another flaton χ both roll from A to C in this figure. Here at A (N = N tot ) the inflation caused by σ begins. At B(N = N min ) present horizon scale density perturbations are produced by the flaton χ. At C (N = 0) the inflation ends, subsequently the field χ reheats the universe, and dilutes inflaton and other moduli. 
Figure Captions

